


. -  

Annual Report 
A-B2299-2 

LATED BIOLOGICAL AN STRUMENTAT~ON STUDIES 

BY 

R. J. Gibson 
R. M. Goodman 

Annual Report 
March 1967 to March 1968 

Prepared for 

NATIONAL ~ R O N A U ~ C S  AND SPACE ADM 

Contract NSR-39-005-018 

B E N J A M I N  F R A N K L I N  P A R K W A Y  0 P H I L A D E L P H I A .  P E N N A .  1 9 1 0 3  



. '  

TABLE OF CCNTENTS 
Page 

1.0 Acknowledgements 1-1 

2.0 Introduction 2- 1 

3 .O Receiving Telemetry Signals by Loop Antennas 
Near Field 3-1 

3.1 References 3-22 

4.0 Cal ibrat ion Curves of  Mark IV Telemeters 4- 1 
5.0 Continued Multichannel Implantable Telemeter Development 5-1 

5.1 The Complementary Multivibrator SCO 5-1 

5.2 

5.3 

5.4 

5.5 

6.0 

6.1 

6.2 

The Squegging SCO 

The Sine Wave SCO 

5.3.1 Future Plans 

The Telemeter Osc i l l a to r  

References 

Deep Brain Probes 

The System 

The Temperature Probes 

5- 2 

5- 8 

5- 22 

5'- 23 

5- 24 

6 -1 

6-1 

6-2 

6.2.1 Experience and Future Plans 6-8 

6.3 The Transmitter 6-9 

6.4 The Receiver-Recorder Console 

7.0 Mark Tv Improvement Program (AM Telemeter) 

6-9 

7-1 

3.0 Communication and Cooperation 8-1 

8.1 V i s i t  t o  Holly H i l l  Laboratory of  t h e  Medical Research 
Council, London 8-1 

1 

i 



TABLE OF CONTENTS cont'd. 

8.2 

8.3 

9 - 0  

9.1 

10.0 

10.1 

11.0 

11.1- 

Cooperation with Dr Ronald, Barr, University 
of Missouri 

Planned Papers 

Magnetic Fields  f o r  Biological Experiments 

References 

Magnetic Shielding 

References 

S t a t i s t i c s  

References 

Page 

8-1 

8-2 

9-1 

9-14 

10-1 

10-4 

11-1 

11-5 



LIST OF FIGURES 

No. 

3 0-1 

3 0-2 

3 * 0-3 

3 = 0-5 

3 0-6 

4.0-1 

5.1-1 

5.2-1 

5.2-2 

5.3-2 

5.3-3 

5.3-4 

5.3-5 

5.3-6 

5.3-7 

5.3-8 

5.3-9 

Flux Lines f o r  Transmitting (T) and Receiving 
Antennas (R) 

Antenna Measurement Sys t e m  

Relation Between Signal  Strength and Number of 
Turns f o r  a Tuned Antenna 

Relative Antenna Voltage V s .  Load 

Coordinates f o r  Signal Measurements 

Antenna Coupled t o  Transis tor  Radio 

Typical Telemeter Cal ibrat ion Curve 

Circui t ,  Complementary Multivibrator SCO 

Functional Diagram, Squegging SCO 

Circui t ,  Experimental Squegging SCO 

Squegging SCO Transformer 

Wien Bridge Osc i l la tor ,  Generalized Form 

Experimental Circui t  Osc i l la tor  

Curve , % vs. f,  1.3 Kc/S Channel 

Curve, % vs. f ,  2.3 Kc/S Channel 

Curve, % vs. f ,  3.9 Kc/S Channel 

Curve, % vs. f ,  7.5 Kc/S Channel 

Curve 

C i r  cui% , FET C ontr  o l l e  d W ien-B r idge O s  c i l l a t  o r 

Curves, SCO Performance vs. Temperature 

F$ vs. f ,  10.5 Kc/S Channel 

Page 

3- 2 

3-5 

3 -7 

3-13 

3-15 

3-20 

4-2 

5-3 

5-4 
5-5 
5-7 

5-9 

5-10 

5-12 

5-13 

5-14 
5-15 
5-16 

5-19 

5-21 

iii 



LIST OF FIGUFZS cont'd. 

NO 

6.1-1 Brain Probe System 

6.2-1 Brain Probe Sketch 

6.2-2 Probe Construction 

6.2-3 Brain Probe 

6.3-1 FM Microphone 

6.4-1 Receiver Recorder Console 

7.0-1 Telemeter Transmitted Pulse  Spectra 

8.2-1 Transmitted Frequency Spectra f o r  University o f  
Missouri Units 

8.2-2 Calibration, B p l a n t  SN401 

8.2-3 Calibration, Implant SN402 

8.2-4 Calibration, Implant SN403 

8.2-5 Calibration, Implant SN4OL 

Page 

6-3 

6-5 

6-6 

6-7 

6-10 

6-11 

7-3 

8-3 

8-4 

8-5 

8-6 

8-7 

iv 

ERANgLIN INSTITUTE RESEARCH LABORATORIES 



1.0  ACKNOWLEDGENENTS 

The authors acknowledge contributions t o  t h i s  report  via the 

suggestions, s k i l l ,  ingenuity and e f f o r t  of M r .  L. Aruffo,  M r .  A .  

Marmarou, M r .  J. Price,  and Mrs. T. Webster 

1- 1 

lNSTlTUTE RESEARCH LABORATORIES 



2 0 INTRODUCTION 

Pert inent  t o  our  s tud ies  of t h e  - Managed - Energy - Terre l la  (MET), 

w e  have continued t o  explore s p e c i f i c  techniques of value t o  the  biolog- 

i c a l  researcher.  These include t h e  appl ica t ion  o f  loop antennas f o r  use 

with magnetic induction telemeters,  s p e c i a l  s tud ie s  of magnetic sh ie lds  

and f i e l d  d i s t r ibu t ions  from f i e l d  generating c o i l s .  

Experimental and development e f f o r t  has continued on the  low- 

cost,  high r e l i a b i l i t y ,  multichannel implantable telemeter. Pa r t i cu la r  

emphasis has been placed on the  evolution of  micropower subcar r ie r  

o sc i l l a to r s ,  and s u b s t a n t i a l  progress is reported. 

Continued e f f o r t  has been ca r r i ed  out  t o  improve the  charac- 

t e r i s t i c s  of simple induct ion-f ie ld  temperature implants. Special ized 

probes f o r  deep b ra in  temperature measurement were evolved along with a 

r e l a t ed  telemetry system and receiving, l i nea r i z ing  and recording console. 

Useful information exchanges were accomplished by presentat ion 

of  a paper a t  t he  Seventh In t e rna t iona l  Conference on Medical and 

Biological  Engineering i n  Stockholm and personal v i s i t s  t o  t he  Holly 

H i l l  Laboratory of t h e  Medical Research Council i n  London. 
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3.0 RECEIVING TELEMETRY SIGNALS BY LOOP ANTENNAS NEAR FIELD 

Small implantable telemeters operating i n  o r  near the  broad- 

cas t  band (300 KC * 3 MC) u t i l i z e  the  magnetic f i e l d  coupling t o  the  

pickup antennas t o  t ransmit  information. The o s c i l l a t i n g  current i n  the 

tuned c i r c u i t  c o i l  of the telemeter generates a magnetic f i e l d ;  t h i s  

magnetic f i e l d  cuts the antenna conductors and induces a voltage i n  them. 

This voltage is proportional t o  the number of magnetic f i e l d  l i n e s  produced 

by the t ransmit ter ,  t h e  number of  conductors in the  receiving antenna 

and t h e  frequency of  t h e  c a r r i e r  s ignal .  

f i e l d  is generated by t h e  transmitter,  then t h e  voltage produced is a 

If one assumes t h a t  a uniform 

cosine function o f  the  angle between the planes of the transmitt ing 

antenna and the receiving antenna. However, even t h i s  simple assumption 

cannot be made s ince a t  a distance around t e n  times t h e  diameter of the 

transmitt ing c o i l  t h e  f i e l d  is f a r  from uniform and is more near ly  t h a t  

of a magnetic dipole. In addition, t h e  receiving antenna is generally 

one t o  two orders of magnitude longer than t h e  t ransmit t ing antenna. 

See Fig. 3.0-1. 

Further, t h e  t ransmit t ing antenna may be a t  almost any 

distance from the receiving antenna a s  w e l l  a s  a t  any or ien ta t ion  t o  it. 

For these reasons, it is  generally qui te  complicated t o  determine 

theore t ica l ly  j u s t  what s igna l  is t o  be expected from the receiving 

antenna i n  the  general case. Theoretical  calculat ions can, however, be 

most useful i n  deriving design approximations. These approximations 
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have l e d  t o  t h e  design o f  t r i -or thogonal  systems f o r  the  general  case 

(3-1). 

3-4, 3-5). 

configurations of geometry between t ransmit t ing and receiving antenna 

A l s o  see loop antenna approximate ca lcu la t ions  in (3-2, 3-3, 

Actual measurements of t h e  received s igna ls  f o r  various 

and r e l a t i v e  s i zes  and geometry of t he  receiving antenna were considered 

t o  be necessary t o  determine the  l i m i t s  of  usefu l  s i z e  and shape of 

receiving antennas. I n  pa r t i cu la r ,  t h i s  information was required f o r  

the  Mark IV telemeters and antennas on the  order of a few feet  i n  

diameter. Various p r a c t i c a l  considerations such a s  construct ion 

d i f f i c u l t i e s  , cost,  cage access , t r i -or thogonal  configurations,  e t  c. 

lead us t o  receiving antenna shapes and s i zes  a s  follows: 

1. Square o r  nea r ly  square rectangular  antennas 

2. Fehiest possible  turns  

3. Spacing on the  same order a s  the  dimension of t he  antenna 

s i d e  

Item 2 was d i c t a t ed  by t h e  f a c t  t h a t  it was des i rab le  t o  have 

a small  self-capacitance o f  t h e  antenna loop s o  t h a t  i t s  inductance 

could be tuned t o  t he  c a r r i e r  frequency of t he  t ransmit ted s igna l .  Tun- 

ing o f  t h e  antenna is des i rab le  in t h a t  t he  s i g n a l  a t  t he  antenna 

terminals can be increased by one o r  two orders of  magnitude depending 

on the  Q and loading of t h e  antenna. Tuning a l s o  is  qu i t e  e f f ec t ive  in 

reducing the  r e l a t i v e  response of  t h e  antenna t o  constant frequencies 

below and above the  tuned  frequency, bu t  has l i t t l e  e f f e c t  on pulse o r  

spike noise inasmuch a s  t h e  resonant c i r c u i t  i s  shocked by noise o f  t h i s  

type t o  resonate a t  t he  c a r r i e r  frequency. Pulse o r  spike noise i s  

3-3 

INSTITUE RESEARCH LABORATORIFS 



most d i f f i c u l t  t o  eliminate but  progress has been made i n  t h a t  d i r ec t ion  

by the  use of f ixed gate  o r  dynamic gate  receivers  (3-5). 

MEASUmNTS 

Antenna frames 2 x 2, 3 x 3 and 4 x 4 f e e t  square were con- 

s t ruc ted  o f  t h i ck  white pine lumber. These were wound with the  

des i r ed  number of  tu rns  of No. 25 p l a s t i c  insulated wire. 

were constructed using No. 28 enameled wire, but  no difference due t o  

wire s i z e  and insu la t ion  could be detected.  

1/8ff, and $11.  

t o  t he  antenna terminals.  

by a res i s tance  box shunted across t h e  antenna terminals i n  p a r a l l e l  

with the  tuning capacitor, Fig. 3.0-2. 

measurements t o  simulate a t y p i c a l  rec iever  load. 

loaded t o  9 amplitude by approximately 2 K ohms t o  5 K ohms. 

of  s igna l  was determined with a high gain oscil loscope. 

is expressed in peak-to-peak voltage. 

obtained with a Wayne Kerr Universal Impedance Bridge B22lA with a Type Q22U 

A f e w  antennas 

Antenna tu rns  spacing were 

Tuning was accomplished by a capacity box connected 

Loading t o  the  desired amount was accomplished 

Loading was 10  kilohms i n  most 

Most antennas were 

Amplitude 

Signal  measured 

Inductance measurements were 

Low Impedance Adaptor a t  1592 cps. 

was computed from measured p a r a l l e l  inductance and resis tance.  

Ser ies  inductance and res i s tance  

Where 

two antenna frames were used, t he  connections were such t h a t  the s igna ls  

were aiding. 

antenna t o  t h e  measuring oscil loscope. This cable had a measured 

capacity of  33  cy^ f d  per foot .  

€82 174/U miniature coaxial  cable was used t o  connect the  

A standard Mark Tv telemeter was used a s  the s igna l  source 

For t he  la rge  antenna (41 x 41) a high power f o r  most measurements. 
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breadboard telemeter was used, but values were corrected t o  the Mark IV 

level .  

NUMBER OF ANTENNA TURNS VS. SIGNAL LEVEL 

Fig. 3.0-3 and the t ab le  show a t y p i c a l  curve of  the increase 

o f  s igna l  s t rength  as  the  number of turns  is increased. This is  f o r  a 

2'  x 21 antenna, but  other antenna s i zes  and spacings a r e  very s imilar .  

The expected s igna l  s t rength  should increase a s  the  s t r a i g h t  l i n e  i n  

the f igu re  o r  a s  the calculated r e l a t i v e  values in tk  table .  A s  can be 

seen f rom the  f igure,  above about 5 o r  6 turns  each addi t iona l  t u rn  adds 

l e s s  than expected of it. 

the number o f  turns  was tuned t o  give maximum s igna l .  

In  each case the load was high (- 1OK)  and 

ANTENNA TUNING CAPACITANCE, EXTERNAL 

In order t o  obtain a b e t t e r  signal-to-noise r a t i o  and t o  

increase the s igna l  l e v e l  it is desirable  t o  tune the  antenna inductance 

with an ex terna l  capacitor t o  the c a r r i e r  frequency of the telemeters, 

which i s  about 500 KG. Tuning of the antenna at tenuates  other c a r r i e r  

s ignals  passing through the  antenna area both above and below the  tuned 

frequency and increases the c a r r i e r  s igna l  by approximately the Q of t h e  

tuned antenna. 

rap id ly  as  the  number of turns  increases.  

cable connecting the  antenna t o  the  receiver a c t s  i t s e l f  a s  a tuning 

capacitor, it i s  necessary t o  take t h i s  in to  consideration. 

The antenna has a d i s t r ibu ted  capacitance which increases 

Since any capacitance o f  t he  

The s e l f -  

capacitance is  such t h a t  a very small external  capacitance i s  required 

f o r  tuning. This  may prohibi t  a long run o f  such cable t o  the receiver.  
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N 

Number of Turns 

1 

2 

9 

10 

Table f o r  Fig. 3.0-3 

Signal  Level 

PP (mv> 

- - 1.5 
5.0 
5.5 
9.6 

11.5 

13.0 

15.0 

16.0 

16.7 

18.0 

Relative ( t o  10 turns)  
Signal  Level 

.8 

2.8 

3 - 1  

5* 3 

6.4 

7.2 

8.3 

8 - 9  

9.3 

10 

Calc. Rel. 
Signal Level 

1 

2 

3 

4 
5 
6 

7 

8 

9 

1 0  

For 21 x 2' square antenna; No. 25 wire, $11 spacing, telemeter a t  

center o f  antenna 



The t ab le  below shows t y p i c a l  ex te rna l  tuning capacitance required 

f o r  s ing le  frame antenna in s i zes  and t u r n  spacing shown f o r  various 

number of  loop turns.  

(Length x width; turns  spacing) 

Antenna 
__ ~~ 

External tuning capacitance i n  pfds 

No. of 
tu rns  

1 ,030 .022 007 014 

2 .010 ,008 .0022 ,0048 

3 0053 .OOb .0008 ,0024 

4 .0032 . bo22 .0004 .0014 

5 .0022 .0015 * 0002 .0009 

6 .0015 

7 * 00115 

8 ,0009 

9 .00073 

10 .0006 

These a r e  t y p i c a l  values of  t he  required ex te rna l  tuning 

capacitance. 

length apar t ,  and connected i n  ser ies-aiding configuration the  required 

tuning capacitance i s  j u s t  twice t h a t  required f o r  one frame. 

21 x 21; $ 1 1  antennas were used with f i v e  turns  each, t he  C required would 

be ,0022 yfd divided by 2 o r  .0011 yfd. This value would allow up t o  

.0011 pfd/33ppfd/ft = 33 f e e t  of  miniature coaxial  cable between t h e  

When two frames a re  used, spaced approximately one frame 

If two 



antenna and the  receiver,  the cable capacitance ac t ing  very much l i k e  

a lumped capacitance. 

The re la t ionship  between number of turns  and the  required 

ex terna l  capacitance can be f i t t e d  f a i r l y  wel l  by the equation. 

C e = C0/N1O5 - C r 

where Ce = externa l  tuning capacitance 

Go = constant 

C = constant 

N = number of tu rns  

r 

a l l  CIS i n  pfds 

For most of the antenna t e s t ed  Cr was approximately .0004 pfd, 

and C was found t o  be represented very approximately by 
0 

(2) 
S Go = 0.23 (3) 

S = turns  spacing in  inches . 

D = frame s ide  i n  f e e t  

G o  i n  pfds 

For a first "ba l l  park" f igure the following equation can then 

be used as  a design equation. 

(3) - .0004) pfds f o r  one frame 
'e NN (p 
Where S is  i n  the range 1/W t o  1/2" and D is  in range 1 foot  

t o  4 f e e t .  More accurate values f o r  C and C can then be determined by 

measurements on the  completed antenna and used i n  equation (1). 
0 r 
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ANTENNA. INDUCTANCE 

Calculation of the  antenna inductance i s  much more accurate  

and straightforward. 

antenna inductance and t h a t  calculated from Wheeler's modified formula 

(3-6) given below a s  equation (4) for a c i r c u l a r  antenna, s i n g l e  layer .  

Excellent agreement was found between measured 

a = radius in inches 

R = length of antenna c o i l  in inches 

N = number of  tu rns  

For a square antenna use a value of llafr calculated a s  i n  

equation (5) . 
D a = 1.19 ( F )  

D = length o f  antenna s i d e  i n  inches 

3 -11 



Here the  radius is t h e  geometric mean o f  3 the s ide  and 9 t he  

diagonal of the square. 

Equations (4) and (5) give a calculated inductance within 2% 

of t h e  measured value, which is  considered t o  be exce l len t  agreement. 

For example: 

For k r  x k f  antenna with 20 turns  

R = 2.75 inches N = 20 

a = 1.19 x 24 = 28.92 inches 

Ca lcu la tdL  = 1.45 mh Measured L = 1.42 mh 

and f o r  31 x 3 '  antenna with 5 tu rns  

A = 2.0 inches 

a = 1.19 x 18 = 2 L b 2  

Calculated L = 68.7 ph Measured L = 70 ph 

EFFECT OF RESISTIVE LOADING ON ANTENNA VOLTAGE OUTPUT 

The antenna a s  a source of voltage f o r  a receiver  has an 

in t e rna l  impedance. 

may be i n  the  case of a simple t r a n s i s t o r  input s tage)  then the  input 

impedance of t h e  receiver  can load down and reduce the  antenna output 

voltage t o  a very small value. 

c i r c u i t  is  reduced, fu r the r  reducing the  antenna output s igna l .  For 

these reasons it i s  useful  t o  have some idea o f  what t he  e f f ec t ive  tuned 

antenna impedance is. Fig. 3.3-4, a and b, shows the  e f f e c t  o f  r e s i s t i v e  

loading on the  r e l a t i v e  s igna l  output f o r  two d i f f e ren t  antennas. A s  can 

be seen from loading t o  3 open-circuit value the  impedance of the  l a rge  

20 turn  c o i l  is approximately 5'000 ohms, and of the  smaller 5' t u r n  c o i l  

If the receiver  input impedance is very low (which it 

I n  addi t ion,  the  Q of t h e  tuned antenna 

3-12 
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. -  

is about 2000 ohms. This i s  s u f f i c i e n t l y  low t h a t  a rece iver  input 

impedance in 1 0  K t o  20 Kohm range o r  higher w i l l  not s i g n i f i c a n t l y  

reduce the  s igna l  from antennas of t h i s  order of dimensions. 

ANTENNA MEASUFE&ENTS 

Signal  s t rengths  f o r  various antenna configurations were 

measured. The coordinates of measurements are defined in Fig. 3.0-5. 

Measurements were made i n  the  region of the  first quadrant of 

the  X-Y plane and i n  the  first quadrant of t h e  Z-Y plane out t o  Z = S/2, 

where S is  the  separat ion of t h e  two antenna frames. I n  t h e  cases where 

the  frames were spaced so  t h a t  S < D, measurements were made i n  the  

second quadrant of t h e  Z-Y plane. 

completely the  whole region ins ide  the  antenna c o i l s  and extends t o  

the  region of i n t e r e s t  f o r  cages enclosed by the  frames. Not a l l  

Because of symmetry t h i s  covers 

measurements made a r e  p lo t ted  in  the  graphs of s igna l  s t rength  a s  t he  

s igna ls  are continuous and would lead t o  confusion. Curves a r e  shown 

f o r  t h e  se lec ted  l i n e s  A ,  C, D, a s  shown i n  t h e  f igure.  These l i n e s  a r e  a t :  

A - the  center  of the  antenna c o i l  

C - a t  2/3 of the  diagonal from center  t o  the corner 

D - a t  t he  ins ide  edge of the  antenna c o i l  

Coordinates of  l i n e  A ( Z  = 0, Y = 0, Z = Z) 

C (X = 811, Y = 811, Z = Z) 

D (X = 12f1y  Y = 1211, Z = Z )  

2kIl x 24" 10 turns  tuned C = .0006 pfd 

$ I f  spacing No. 15 wire load R = 1OK 

Single  frame 

3-11 
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SIGNAL PEAK TO PEAK 

A - G - D - 
X Y 2 Signal  X Y Z Signal  

( i n )  ( in)  ( i n )  mv ( i n )  ( in )  ( i n )  mv 

3 3 3 1 7  8 8 0 28 

8 10.0 8 6.0 

X Y Z Signal  
( i n )  ( i n )  ( i n )  mv 

1 2  12  0 30 

4 3.0 

8 2.0 

1 2  1.5 

Same as above bu t  2 frames 2 f e e t  apar t ,  tuning capacity C = .0002; % = 10K 

X = Y = O  X = Y = 8  X = Y = 1 2  

3 Signal  3 Signal  3 Signal  

0 14.5 0 22.5 0 28 

4 12.5 4 11.5 4 3 - 0  

8 10.0 8 6.3 8 3.0 

1 2  8.8 1 2  6.0 1 2  2.0 

Same a s  above 2 x 2 (arf spacing) 10 turns  each 

Spacing of antennas 1 2 "  ( ins ide  of frame t o  inside of frame) 

A ) X = Y = O  C ) X = Y = 8  D ) X = Y = 1 2  

( i n )  (mv) ( i n )  (mv) (in> (mv) 

-6 7.5 -6 7.5 -6 2.5 

Z Signal  Z Signal  Z S igna 1 

9 10.0 0 13.8 0 14. 5 
6 9.5 6 7.0 6 2.8 

, 3 -16 
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3' x 3' antennas 

2 frames 

5 turns  each No. 25 wire 3 spacing 

c = .001 

% = 1 O K  

Frame spacing S = 3 '  (36 inches) 

Signal  peak t o  peak 

A ) X = Y = O  e) x = Y = 1 2  D) X = Y = 18 

2 Signal Z Signal Z Signal  
( i n >  (mv) (in> (mv) ( i n >  (mv) 

0 5.0 0 9.0 0 13*5 

6 4.5 6 4.0 6 1.5 

1 2  3.8 1 2  2.5 1 2  1.0 

18 3.2 18 2.0 18 < 1.0 

Same a s  above but  frames spaced 18" t o  i n s i d e  edge 

A )  X = Y =  0 c) X = Y = 1 2  

2 Signal  Z Signal Z Signal  

D) X = Y = 18 

(in> (mv) (in> (mv) (in> (mv> 

-9 4.8 -9 4.1 -9 2.0 

0 14.0 0 6.5 0 9.5 

9 6.5 9 5.0 9 1.0 
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41 x 41 antennas 

2 frames 

20 turns  each 

No. 25 wire, spaced 1/8fl 

c = < 0 ( i , e . ,  could not add capaci ty  t o  tune) 

% = 10K (corrected t o  t h i s  value) 

Frame spacing S = 48'1 

S igna l  peak t o  peak 

Telemeter - high power breadboard s igna l s  corrected t o  Mark IV equivalent 

A ) X = Y = O  c)  x = Y = 16 D) X = Y =  24 

12 3 06 12 2.7 12  1.7 

24 1.2 

These measurements (41 x 41) can only be compared with t h e  

2 foo t  and 3 foot  frames wi th  caution a s  t hey  were made with no loading 

and with a high power telemeter put t ing  out a s i g n a l  estimated a t  about 

3 times that  of a Mark I V  telemeter and of  a higher r e p e t i t i o n  r a t e .  

The s i g n a l  levels shown a r e  corrected f o r  both loading and telemeter 

s igna l  t o  be equivalent t o  Mark I V  generator and with a 10 kilohm loading. 

ANTENNA MODIFICATIONS 

I n  t h e  course of inves t iga t ing  the  antennas described in  the 

previous section, severa l  other  antenna configurations and c i r c u i t  
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arrangements were t r i e d  in an e f f o r t  t o  improve t h e  s igna l  and/or reduce 

the  noise. It was noted t h a t  a t r a n s i s t o r  rad io  placed i n s i d e  of one of 

a p a i r  of  connected antennas received a s igna l  of  appreciable magnitude 

when the  telemeter was placed ins ide  the  other  antenna o f  t h e  pa i r .  

A l o g i c a l  extension o f  t h i s  configuration was t o  use a la rge  antenna 

as  t h e  s i g n a l  pickup antenna with a small  antenna wrapped around the  

t r a n s i s t o r  radio, Fig. 3.0-6. This coupling was fu r the r  improved by 

wrapping t h e  second small  antenna d i r e c t l y  on the ferr i te  loop antenna 

of t h e  radio.  

few ( i n  f a c t ,  one) tu rns  of  t h e  primary receiving antenna were s u f f i c i e n t  

The chief advantage of t h i s  arrangement was t h a t  very 

t o  give a strong s igna l  from t h e  radio, t he  rad io  ac t ing  as  a high ga in  

tuned ampl i f ie r  l oop  coupled t o  t h e  telemeter receiving antenna. 

cursory inves t iga t ion  o f  t h i s  configuration was car r ied  out. 

A 

While it is d i f f i c u l t  t o  repor t  quant i ta t ive  r e s u l t s  f o r  t h i s  

arrangement, t he  following was determhed f o r  t he  configuration shown. 

A. 

B. 

C. 

D. 

E. 

More than a s ing le  t u r n  on each loop d i d  not  improve s igna l  

o r  s igna 1- t 0- no is e r a t  i o  a ppre c iab ly . 
Five t o  t en  tu rns  on t h e  ferr i te  loop sa tura ted  t h e  radio 

ampl i f ie rs  

Tuning of t he  loop l inkage improved the  s igna l  considerably 

( rad io  previously tuned  t o  te lemeter  c a r r i e r ) .  

The spacing shown gave the  maximum volume with usable s ignal .  

The volume with usable s igna l  i s  considerably l e s s  than the  

41 x 4' x 41 volume llenclosedll by t h e  antennas. This was 

estimated t o  be about 2*1 x 2&r 2 x 2*1. 

I 

3-19 



RESEARCH LABORATORIES 
P€lUADELPHIA. PA. 19103 

I 

T 
i 

/ 

Form207 1OM 10-67 

n 

3-23 

ORAPHIC CONTROL5 COUP.. BROOKLYN. N. Y. 11217 STOCK NO. 450 16679 



F. The usable volume depended pr jmari ly  on the  noise (pulses 

a t  60 and 123  cps) picked up by t h e  antenna configuration. 

A t  t h i s  l o c a l i t y  during d a i l y  working hours t h e  noise  was 

pa r t  i cu la  r l y  s t r ong . 
A t  t h i s  time, t h i s  configuration is s t i l l  considered promising 

bu t  has not  yet been developed t o  a point where it w i l l  replace t h e  

smaller standard multiloop antenna pa i r s  operating in to  a standard 

amplif ier .  The advantages of  t h i s  system a r e  twofold: 

pensive high gain tuned amplif iers  (miniature t r a n s i s t o r  radios) could be 

used in place of custom designed standard amplif iers ;  and two, t h a t  a 

one, t h a t  inex- 

s ing le  t u r n  pa i r  of antennas is, from a p r a c t i c a l  point o f  view, very 

easy t o  construct,  maintain and operate around an  animal cage. 

s ing le  turns  of wire a r e  e spec ia l ly  easy t o  disassemble t o  obtain access 

t o  an animal cage. 

Two 
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4.0 CALIBRATION CURVES OF MARK IV TELEEETERS 

The temperature vs. pulse count from a t y p i c a l  temperature 

telemeter (No. 404 Mark IV) can be r a t h e r  accurately approximated by a 

quadrat ic  equation. 

This telemeter had t h e  c a l i b r a t i o n  a s  shown i n  Fig. 4.0-1. 

The PRF' was measured t o  t h e  nearest  uni t  and t h e  temperature t o  t h e  

nearest  one ten th  degree 

f i v e  points shown. From 

was prepared a t  one-half 

Celcius. A smooth 

t h i s  curve a t a b l e  

degree in te rva ls .  

curve was drawn through t h e  

of temperature PRF p a i r s  

The f i rs t ,  second, and t h i r d  

differences of PRF'were obtained. The second difference was constant t o  

plus or minus one unit of PRF from 29.5 t o  4l.SoC using t h e  extrapolated 

smooth curve values. This woUld ind ica te  t h a t  a second degree of 

quadratic curve should give an  exce l len t  f i t .  

each 2 

Using the PRF values a t  

0 
(30 ,  32, e t c . )  a l e a s t  square f i t  equation was obtained. 

The normal equations f o r  a l e a s t  squares second degree 

equation are a s  follows: 

0 T = temperature C 

P = PRF 

ET = Na + bEP + CEP 

EPT = aEP + bEP2 + CEP? 

EP T = aEP + bEP + cEP 

2 

2 2 3 4 

Coded values of P and T were used t o  reduce mass of ar i thmetic  

yielding an equation of the form. 

N = number of observations 





2 T = a + bP x CP 

Using s i x  points from the  curve the following l e a s t  squares 

quadratic equation is obtained. 

T = 7.291 + -3821 P - 44.8785 x P2 

o r  
P P2 

22.282.40j T = 7.291 + mm - 
or ,  i n  t h e  most convenient form f o r  calculat ion 

From t h i s  equation, knowing a value of P we may calculate  a 

value of T. To t e s t  i t s  accuracy w e  give some t y p i c a l  values. 

P - 
336 

43 9 

T (meas. ) T (  Gale. ) OC 

30.0 30.048 

35- 0 34.995 

57 2 40. 0 39 974 

A s  can be seen these values check t o  within 1/2OoC, which is 

approximately one count. No b e t t e r  correspondence can be expected. 

Several  other telemeters w i l l  be checked in the  same way, and 

if  a quadratic curve fits them as  wel l  a s  it f i t  t h i s  one, a program w i l l  

be wr i t ten  s o  tha t  the computations may be done on a computer f o r  each 

telemeter as  it is  cal ibrated.  The formula w i l l  then be included with 

each ca l ibra t ion  curve. These calculat ions are qui te  time consuming on 

a desk calculator  and without a computer programmed t o  handle them it 

is  impractical  t o  process more than a few units. 
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5- 0 C3NTINUED MULTICHANNEL IMPLANTABLE TELENETER DEVELOPMENT 

A s  the  e f f o r t  began t h i s  per iod,  it became apparent t o  us t h a t  

the  evolution of a "generally applicable" subcar r ie r  o s c i l l a t o r  (SCO) 

design would be a des i rab le  achievement. 

Thus, w e  defined our  i n i t i a l  design problem: 

Design a subcarr ier  o s c i l l a t o r  with a high 
input  impedance, a minimum power oonsumption, the  

capabi l i ty  f o r  d i r e c t  o r  ac  drive, and acceptable 
s t a b i l i t y  over t he  b io logica l  temperature range. 

To t h i s  end, we s t u d i e d  . three a t t r a c t i v e  so lu t ion  approaches 

Early r e s u l t s  of t he  f i rs t  approach were reported a t  t h e  i n  sequence. 

Stockholm meetings (5-1). 
5.1 THE COMPLENENTARY NULTIVIBRATOR SCO 

This development was reported in some d e t a i l  i n  our l a s t  

annual repor t  (5-2). 

channel interference t h a t  the  use o f  pu l sa t i l e  modulation could cause 

It was amply c l e a r  from considerations of cross- 

undesirable d i f f i c u l t i e s ,  pa r t i cu la r ly  as  the  number of transmitted 

parameters increased and the  SCO center frequencies drew more c lose ly  

together.  

O f  equal pertinence was the  f a c t  t h a t  while such modulators 

-6 required only 4 o r  5 x 1 0  

proved d i f f i c u l t  t o  cont ro l  w i t h  high frequency data content and evidenced 

some i n s t a b i l i t y  when s o  controlled.  A s  we proceeded t o  improve 

s t a b i l i z a t i o n  and s e n s i t i v i t y  the  c i r c u i t  requirements grew more complex, 

amperes of  current f o r  operation, they 
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and the  current  requirements grew pas t  our t e n  microampere t a rge t .  

O u r  conclusions with regard t o  t h e  complementary mult ivibrator  

type of  SCO were a s  fo l lows:  

a .  Desirable s e n s i t i v i t y  was not ava i lab le  without subs t an t i a l ly  

exceeding the  ampere l eve l .  

b. SCO s t a b i l i t y  was a mat ter  o f  concern. 

e. 

d. C i r cu i t  output was not  s inusoidal ,  a matter of  consequence 

Ci rcu i t  complexity was growing se r ious ly  

a t  t he  receiving end of  the system. 

Figure 5.1-1 i l l u s t r a t e s  the  bas ic  complementary mul t iv ibra tor  

SGO. 

thermistor-controlled,  temperature sensing SCO. 

This c i r c u i t  is  valuable a s  an  extremely simple and sens i t ive ,  

5.2 THE SQUEGGING SCO 

The old Mark IV implant development (5-3, 5-4) based on t h e  

squegging o r  blocking o s c i l l a t o r ,  appeared to o f fe r  some promise of use- 

f u l  appl icat ion.  

a s  2.5 x amperes. 

Such c i r c u i t s  were operated a t  current  l e v e l s  a s  low 

The func t iona l  approach t o  t h e  design is i l l u s t r a t e d  i n  

Fig. 5.2-1. 

ging r a t e  is control led by t h e  discharge time constant associated with 

capaci tor  - C. 

The bas ic  design is premised on t h e  f a c t  t h a t  the  SCO squeg- 

It appeared therefore  t h a t  an  extremely simple SCO could be 

designed f o r  grea t  s e n s i t i v i t y ,  high input impedance and general  

u t i l i t y .  

It w i l l  be noted t h a t  t h e  c i r c u i t s  a r e  extremely simple. 

Typical developmental c i r c u i t s  a r e  i l l u s t r a t e d  in Fig. 5. 2-2. 

Also note t h a t  
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Fig.  5.2-1 Functional Diagram, Squegging SCO 
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transformer T i s  an  e s s e n t i a l  component i n  t h e  c i r c u i t  design. 1 
A s  a p r a c t i c a l  matter, transformer T must be extremely small  1 

and l i g h t  in weight s ince  severa l  un i t s  a r e  t o  be required i n  t h e  complete 

telemeter.  Further, no inductive coupling can be permitted between 

transformers of  t he  various SCO channels. External magnetic f i e l d s  

generated by these transformers can be minimized by t h e  use of to ro ids  

as  winding cores. Fig. 5.2-3 is a photograph of  a t yp ica l  experimental 

transformer used i n  t h e  c i r c u i t  design. 

The s i z e  of t he  transformer i s  qui te  acceptable.  Its weight 

i s  ca. 0.02 grams. 

The magnetic core has the  following cha rac t e r i s t i c s :  

Materia 1 : Indiana General, 0-6 
I n t e r n a l  Diameter: 0.050 inches 

Outs i d e  Diameter : 0.080 inches 

Magnetic path length: 0.204 inches 

Permeability (PO) : about 3000 

The wire used i n  the windings i s  No. 44 Formvar. 

Typical current  requirement f o r  the c i r c u i t s  of  Fig. 5.2-2 is  
6 9 - 11 x 10- amperes. 

in s p i t e  of  i ts  apparent s implici ty .  
The c i r c u i t  proved t o  have ser ious disadvantages 

a .  The transformer T1 core was, of  necessity,  selected from 

high permeabili ty mater ia l .  

means ava i lab le  t o  evolve a transformer with s u f f i c i e n t  

This represented t h e  only 

winding inductance t o  produce output pulse widths useful  

f o r  our purposes. However, such high permeabili ty core 

mater ia ls  have poor temperature s t a b i l i t y .  Any t radeoff  

t o  obtain core s t a b i l i t y  would result i n  unacceptable 
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increases  i n  core s ize  and weight and winding s i ze .  

b. The c i r c u i t  was sens i t i ve  t o  f i r ing-poin t  j i t t e r ,  a mat ter  

of pa r t i cu la r  importance a t  the  r e l a t i v e l y  low power 

l e v e l s  involved. This meant t h a t  such SCOls would be 

qu i t e  suscept ible  t o  extraneous e l e c t r i c a l  noise  sources. 

c. 

5.3 THE SINE WAVE SCO 

Output from SCO was not  s inusoida l  

Based on our  experiences described above we decided t h a t  a 

major e f fo r t  was worthwhile t o  evolve a micropower SCO with s inusoida l  

output. It should be c l ea r  t h a t  t a c i t  i n  t h i s  decis ion i s  the  statement 

t h a t  a n  e f f o r t  t o  convert the  pu l sa t i l e  outputs of t he  previously 

described SCOls is  not considered expedient. This i s  based on the  f a c t  

t h a t  necessary f i l t e r  networks would have t o  be ac t ive  and would be 

cos t ly  i n  power and complexity. 

We then examined the phase-shift  and Wien-Bridge o s c i l l a t o r s  

a s  po ten t i a l ly  useful.  Because of voltage source l imi t a t ions  we 

se lec ted  -$he Wien-Bridge c i r c u i t  configuration. 

The bas ic  o s c i l l a t o r  is shown i n  generalized form i n  Fig. 

5.3-1. 

Osc i l l a to r s  o f  t he  type i l l u s t r a t e d  in. Fig. 5.3-2 were constructed and 

operated a t  approximately t h e  following I R I G  modulation frequencies. 

Fig. 5.3-2 i l l u s t r a t e s  a t y p i c a l  experimental o s c i l l a t o r  c i r c u i t .  

Freq. (Kc/s) Current Drain 

a 1.3 7 x amperes 
1.7 l l  

2.3 
3.9 l l  

11 
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Fig. 5.3-1 Wien Bridge Oscillator, Generalized Form 
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Freq. (Kc/s) Current Drain 

5.4 7 x amperes 

7.35 11 

10.5 11 

The current  requirement was very promising, and c i r c u i t  

I n  order t o  determine the kind of  s t a b i l i t y  appeared reasonable. 

va r i a t ion  i n  one l eg  of  the bridge (% i n  Fig. 5.3-2) required f o r  a 

frequency deviation, we varied % empir ical ly  and r e su l t an t  data appears 

in curves Figs. 5.3-3, -4, -5, -6 and -7. 

quency may be expressed a s  

Theoretical  o s c i l l a t o r  f r e -  

f =  
0 

2n ( R1R2C1C 2) 3 

and, o f  course, f o r  R 

given f o  var ia t ion  can be calculated.  

R and R 

nominal a s  l a rge  a s  2 10% were possible,  and a s  much a s  2 20% between R1 

and R is possible.  

shows % 
f o r  a 15% s h i f t  i n  f _  can be expressed a s  

= %, a theo re t i ca l  res i s tance  var ia t ion  f o r  a 
2 

Unfortunately, exact values f o r  

i n  t h e  c i r c u i t  a r e  not ava i lab le  s o  t h a t  differences from 1 2 

Therefore, reference, f o r  example, t o  Fig. 5.3-7 2 
3 86KQ a t  fo  = 10.5 x 10 and a A R ,  = 68m. Calculation of  AR 

U 

AR = 

where AR i s  i n  correspondence 

1 .1871 -(-) R f o C  - R  

t o  f = .85 f . 
0 
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1 

Fig.  5.3-3 Curve, RB vs f ,  1 . 3  Kc/S Channel 
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Fig. 5.3-4 Curve ,  RB v s  f, 2 . 3  Kc/S Channel  
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Fig. 5.3-5 Curve, % vs f, 3 .9  Kc/S Channel 
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0 

Fig. 5.3-6 Curve, % v s  f, 7.5 Kc/S Channel 
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Fig.  5.3-7 Curve, RB vs f, 10.5 Kc/S Channel 
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Based on t h e  use of the  following nominal data:  

5 5 = R2 = 10 ohms 

3 AR = 39 x 10 ohms 

O f  course, the important aspect here was t h e  order of magnitude 

o f  res i s tance  s h i f t  required. 

t h e o r e t i c a l  ca lcu la t ion  was t h a t  s e n s i t i v e  control  should be possible 

The portent  of these measurements and 

and t h a t  we might run i n t o  a ser ious temperature s t a b i l i z a t i o n  problem. 

The simple c i r c u i t  of  Fig. 5.3-2 was used a s  a temperature 

Operation controlled SCO by replacing % i n  par t  with a thermistor.  

was excel lent .  

O u r  f i r s t  e f f o r t s  f o r  more sophis t icated modulation control  

u t i l i z e d  f a i r ly  standard t r a n s i s t o r s .  However, it became q u i t e  c l e a r  

t h a t  subs tan t ia l  input impedances could not be expected in  r e t u r n  €or 

the s impl ic i ty  and low leve ls  o f  bus voltage a t  which w e  wished t o  

operate. For example, t h e  t r a n s i s t o r  TIS22 could not be expected t o  

provide (even taking an opt imist ic  view) an input impedance i n  excess 

of 1.6 x 10  6 ohms, given 

40 x hoe 
hfe 60 

h - 8 x 10- 

h 

4 
r e  

i e  1.5 - 11 x 10 3 i2 

then 

r = 250 b 
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Q! = .984 

and 

r -1.6 megohms f o r  the  common col lec tor  
C 

configuration 

An e f f o r t  was made t o  t rade  impedance f o r  gain, bu t  it was 

cos t ly  i n  complexity and from the  viewpoint of  c i r c u i t  s t ab i l i za t ion .  

Stimulated by our conversations with M r .  Cliveden Weller of  the  Holly 

H i l l  Laboratory in London (See Section 8.0), we resolved t o  apply the  

f i e l d  effect t r ans i s to r .  The f i rs t  c i r c u i t  studied i s  i l l u s t r a t e d  i n  

Fig. 5.3-8. The 

the  Gate bleeder 

if desirable,  in 

input  impedance f o r  t h i s  SCO i s  l imi ted  pr imari ly  by 

chain (R1, R ) a s  indicated. 

s p e c i f i c  appl icat ions.  

This can be circumvented 

The simple c i r c u i t  used has an 

2 

input impedance > 3 x lo6 ohms and produces about 2% modulation t o  the  

channel frequency f o r  about 1.6 x 

t h e  bas ic  c i r c u i t  i s  expected t o  improve markedly with the  rece ip t  of  

other type F E T f s  f o r  which procurement has been i n i t i a t e d .  The t o i a l  

current requirement f o r  t h e  i l l u s t r a t e d  SCO is  7 x 10  amperes. 

vo l t s  input. The performance of 

-6 

Because of our immediate i n t e r e s t  i n  SCO s e n s i t i v i t i e s  on t h e  

order of 100 pv o r  l e s s ,  w e  proceeded t o  var ia t ions  of t h e  c i r c u i t  of  

Fig. 5.3-8. 

peak s igna l  input have been a t ta ined .  

exceeded 10  pa amperes. 

types w i l l  f u r the r  improve performance. 

To date, s e n s i t i v i t i e s  on the  order of 2% f o r  103 pv peak t o  

Maximum current  dra in  has not 

A s  noted above, r ece ip t  o f  addi t iona l  t r a n s i s t o r  
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The problem of automatic c i r c u i t  s t a b i l i z a t i o n  with ambient 

temperature va r i a t ions  was a l s o  attacked. To date, results are  q u i t e  

promising. 

function o f  temperature with and without automatic compensation. 

discussing results i n  d e t a i l  l e t  us consider sources of  SCO frequency 

va r i a t ion  with temperature. 

Fig. 5.3-9 i l l u s t r a t e s  the performance of t h e  SCO as a 

Before 

Based on the  frequency con t ro l l i ng  components f o r  Wien-Bridge 

o s c i l l a t o r  operation, 

1 f Q T -  RC 

where R = JiF2 

=m 
Thus f o r  a decrease i n  Cy 

The use of high d i e l e c t r i c  constant 

f rises and t h e  same is t r u e  with R. 

capaci tor  chips i n  t h e  c i r c u i t  

i n d i c a t e t h a t  w e  can a n t i c i p a t e  a t  l ea s t  a 2% s h i f t  i n  f o  over the  f u l l  

b io log ica l  temperature range. In addition, the  pinch-off voltage a t  

the  c r i t i c a l  FET (Q 

r e su l t i ng  in a frequency increase. A crude statement f o r  t h i s  s h i f t  

in pinch-off voltage is: 

in  Fig. 5.3-8) w i l l  r ise and thus  reduce RDS 4 

(v,) = _+ AC(2.2 x 10-3) + (V,) 
T 25OC 

Based on t h i s  equation and a knowledge of t h e  FET bleeder crLh:T 

values (5, R ), it can be computed t h a t  R must be reduced Fc -:slue r-t 
2 1 

t h e  ra te  o f  approximately 38 x 10 3 ~hms/~C t o  o f f s e t  t h e  FET pinch-off 

voltage s h i f t  with r i s i n g  temperature. 
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F i g .  5.3-9 Curves, SCO Performance vs. Temperature 
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Now re fe r r ing  t o  Fig. 5.3-9, w e  note f o r  the  Wien-Bridge 

o s c i l l a t o r  c i r c u i t  alone, t h a t  beyond 2OoC a net  rise i n  fo occurs with 

temperature. I n  t h e  range of 25 - hsoC t h i s  can be described a s  2 7.1% 

and very much b e t t e r  i n  the  range of 10 - 3O0C. 

including a three  ac t ive  element input c i r c u i t ,  has a cha rac t e r i s t i c  

response t o  temperature with a pos i t ive  slope of about 170 cps/OC. 

Thus f o r  t he  2OoC range discussed above we see a t  l e a s t  a f 16% var i a t ion  

in fo over the  indicated range. 

The f u l l  c i r c u i t  

Applying thermistor compensation i n  the  cont ro l  FET gate  

bleeder chain results in the  t h i r d  curve. 

t h i s  i n i t i a l  e f f o r t  a t  compensation promises s t a b i l i t y  on the  order of 

2 2%. 

I n  the  range of  25 - LS0C 

It a l s o  would appear from a s tudy  of the  data t h a t  our  first 

e f f o r t s  may w e l l  represent  

improvement may be a t ta ined .  

overcompensation and t h a t  even fu r the r  

Deta i l s  of temperature compensation w i l l  be pursued f u r t h e r .  

5.3.1 Future Plans 

W e  believe we a r e  now very close t o  attainment of t he  general  

purpose SCO or ig ina l ly  described a s  desirable .  

Because of the  nature  of the  c i r c u i t ,  var iable  res is tance 

sensors of high values a r e  e a s i l y  accepted a s  cont ro l  elements; de 

electrodes and high impedance voltage producing electrodes (such a s  

pH electrodes)  a r e  acceptable, and ac  voltage sources a r e  acceptable. 

Detailed data on the bandwidth f o r  the  ECG-SCO and temperature 

SCO w i l l  fo l low i n  an e a r l y  report .  

ant ic ipated f o r  EGG in  the  frequency range f r o m  0.05 cps t o  > 200 cps. 

However, no severe problems a r e  
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Temperature channel sensor time constants on t h e  order of  

expected ( a f t e r  encapsulation).  

5 seconds a r e  

Arrangements have been made t o  acquire implant experience with 

a first temperature-EGG uni t ,  o r  temp -1, temp -2, temp -3, ECG 

uni t  a s  soon a s  it can be fabr ica ted  s a t i s f a c t o r i l y .  

w i l l  be the  r a t  o r  guinea pig. 

5.4 THE TELEMETER OSCILLATOR 

The subject  animal 

evaluated 

rechecked 

During t h e  past year, a number of d i f f e ren t  t r a n i s t o r s  were 

in the  FM o s c i l l a t o r  c i r c u i t .  Results were a s  follows: 

Transis tor  Type Current Drain f o r  Assured Operation (pa) 

FSP-411/1 3 O+ 

~ 2 6 ~ 4  30 

LM/406 30 

TlXMlOl 40 
I n  t h e  coming period, c e r t a i n  of  those l i s t e d  un i t s  w i l l  be 

i n  a new physical  c i r c u i t  configuration. We a l s o  expect t o  

process some new types. 

A review of t h e  c i r c u i t  layout was made and fu tu re  Mark V 

un i t s  w i l l  not  ca r ry  t h e  c e l l  i n  the  center  of the  tank c o i l .  Osc i l l a to r  

current  saving is an t ic ipa ted  as  is a somewhat improved rad ia t ion  

eff ic iency.  

and loading. 

in frequency over t h e  88-110 Mc/s range. 

We expect these results because of reduced c i r c u i t  losses 

W e  expect fur ther ,  t o  make each o s c i l l a t o r  e a s i l y  adjustable  

Cell  loca t ion  outside the tuned-circui t  c o i l  w i l l  permit i t s  

e a s i e r  replacement and grea te r  f l e x i b i l i t y  i n  the  appl ica t ion  o f  c e l l s  o f  

various s i z e s  . 
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6.0 DEEP BRAIN PROBES 

6.1 THE SYSTEM 

It was desired by D r .  M. Baldwin of NM t o  a sce r t a in  deep bra in  

temperature from primates and possibly humans during hypothermia. 

Because of  t h e  nature of t h e  b io log ica l  s tudy it was considered important 

t o  observe b ra in  temperature w e l l  before, during and f o r  a period o f  

c 

time following hypothermia. 

Since one of t h e  conditions of  t h e  study required t h a t  t h e  

subjec t  be ambulatory, it was c l e a r  t h a t  a te lemet r ic  system was 

ne ces sary  . 
I n  general, t h e  required system consis ted of t he  following: 

a .  Ful ly  autoclavable b r a i n  temperature-probes i n  th ree  

s i zes :  1.5, 2.5 and 3.5 cm (penetrat ion depth) 

b. A small  te lemeter  t o  be at tached ex te rna l ly  t o  the  subject .  

This unit must be capable of  accepting temperature sensor 

(probe) input and t ransmit t ing the  information i n  ccded 

form f o r  dis tances  of  about 15 t o  20 meters. 

c. A receiver-recorder console capable of  acquiring the  

transmitted s i g n a l  from t h e  te lemeter  and presenting i n  

recorded format (analog) a l i n e a r  record of  b ra in  temperature 

i n  e i t h e r  of two se lec ted  ranges: 

(1) 15 - 4OoC 

( 2 )  35.5 - 38.5OC 
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Fig. 6.1-1 is  a representat ional  diagram of the  complete 

system. 

6.2 THE TEPI€ERATURE PROBES 

Pr io r  t o  the  f i n a l  s e l ec t ion  of  mater ia ls  considerable d is -  

cussion was held with Dr. Baldwin of N I H ,  Dr .  Weatherby o f  PHS and 

Mrs. Lamberti of Dr. Baldwin's team, concerning t h e  requirements f o r  

probe s t e r i l i z a t i o n .  

s t e r i l i z a t i o n  technique adequate f o r  t h e  app l i ca t ion  would be autoclaving. 

This meant t ha t  t he  complete probes must withstand temperatures on the  

It was decided unanimously t h a t  t h e  only 

order of 250 - 270°F and pressures of 15 t o  30 p s i  f o r  appreciable time 

periods. 

The requirement f o r  autoclaving imposed severe mater ia ls  

l imi t a t ions  f o r  us i n  t h e  probe design. The mater ia ls  problems were 

f ina l ly  overcome with t h e  cooperation of our  FIRL Chemistry Department, 

Mr. David W i x  of t h e  PENNtube P l a s t i c s  Company of  Philadelphia, t he  Dow 

Corning Company, and Emerson and Gumming, Inc., of Massachusetts. 

Detailed discussion materials w i l l  follow. 

The mechanical design of  t h e  probes had, necessarily,  t o  be 

r e l a t ed  t o  the  su rg ica l  procedures involved. 

is t o  be applied, the  s c a l p  is l a i d  back from the s k u l l  bone, a l ead  

hole is d r i l l e d  through the  bone, and the  hole is shaped with a b u r r  

t oo l .  

shape. It a l s o  exposes a small  area of t he  dura. The dura is  

punctured, t h e  probe emplaced with i ts  base seated i n  the  cav i ty  made 

with the  burr. The probe base i s  then sutured t o  t h e  s k u l l  bone. It is 

For example, when a probe 

This r e s u l t s  i n  a cavity i n  t h e  skull bone of  predetermined 
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Fig.  6.1-1 Brain Probe System 
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c l e a r l y  hnperative t h a t  t h e  proximal end of  t h e  probe - not move a f t e r  

inser t ion .  These procedures and requirements r e su l t ed  i n  the  design 

sketched i n  Fig. 6.2-1. 

Fig. 6.2-2 i l l u s t r a t e s  t he  mater ia ls  used in t h e  probe con- 

s t ruc t ion  and Fig. 6.2-3 is  a photograph of a f in i shed  probe. 

t h a t  FEP Teflon was se lec ted  a s  t h e  main probe tubing. 

heat-sealed by t h e  tubing manufacturer and cu t  and shaped by us. 

Note 

One end was 

A 

.013l1 thermistor was inserted, and t h e  probe tube assembly completely 

f i l l e d  with s i l a s t i c  and cured. The tube assembly was then molded in to  

the  hard epoyy anchor base along wi th  t h e  s t a i n l e s s  s t e e l  wire su ture  

anchor. A t  t he  time of  tube assembly t h e  safety- tension connector was 

sealed and connected in place. 

It should be noted t h a t  t he  safety- tension connector repre- 

I n  t h e  f i r s t  place, sented a problem in t h e  evolut ion of  t h e  probe. 

no commercially ava i lab le  connector o f  s u f f i c i e n t l y  small '  s i z e  and with 

t h e  safety-disconnect f ea tu re  was ava i lab le .  

W e  designed the  connector and b u i l t  it using German s i l v e r  

and polyphenylene oxide. These mater ia ls  performed admirably in  211 

respects  o ther  than f r a g i l i t y  due t o  s i z e .  

After complete curing of t h e  assembly, the  probe anchor base 

was t r e a t e d  with primer and covered wi th  a t h i n  l aye r  of medical 

s i l a s t i c .  

t o  f i t  exac t ly  the  b u r r  hole of t h e  sku l l .  

Note t h a t  t h e  anchor base was formed in a mold designed 

A f irst  experimental unit  was fabr ica ted  and sen t  t o  Dr. 

Baldwin f o r  culture s tudies  t o  be processed a f t e r  autoclaving. 

were e n t i r e l y  sa t i s f ac to ry .  

Results 
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Three probes of t h e  desired cha rac t e r i s t i c s  were made. It 

must be noted t h a t  in t h e  thermistor  size required, absolute  curve 

matching was not  ava i lab le  from thermistor  t o  thermistor .  This 

c h a r a c t e r i s t i c  was taken i n t o  consideration i n  the  design o f  t he  con- 

s o l e  s i g n a l  conditioner.  

The thermistor  used was a VEECO uni t ,  type 6U8. 

6.2.1 Experience and Future Plans 

The f i r s t -gene ra t ion  probes described above were evaluated i n  

It became c l e a r  t h a t  the  d i s t a l  s ec t ion  o f  t he  the  operating room. 

probe tube had t o  be grasped f o r c i b l y  t o  feed it under the s c a l p  and 

out of  a small inc is ion  a t  t he  neck. 

stresses on the  safety- tension connection, which is  t o o  f r a g i l e  f o r  

such handling. 

hollow Teflon ca the te r  over t he  desired path, i n se r t ing  t h e  d i s t a l  end 

o f  t he  probe tube through the  catheter ,  and then withdrawing the  

ca the te r  via t h e  e x i t  incis ion.  Such a technique w i l l  no doubt, be 

attempted i n  t h e  fu ture .  However, t h e  safety-tension connector proved 

This technique produced severe 

The s i t u a t i o n  could be ameliorated by f i rs t  feeding a 

t o  represent  an over-design in s a f e t y  with a r e su l t an t  probabi l i ty  of 

frequent disconnects. 

I n  t h e  future ,  d i s t a l  probe tubes w i l l  be made o f  s i l a s t i c  tubing 

(medical grade), f i l l e d  with s i l a s t i c  and firm contact r ings f o r  con- 

nection. 

conjunction with the  ca the te r  technique, is expected t o  be ab le  t o  

withstand the  r igo r s  o f  t he  OR and t o  perform s a t i s f a c t o r i l y .  

This s ec t ion  o f  t he  probe w i l l  be  very rugged indeed and, i n  
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6.3 THE TRANSMITTER 

I n  o r d e r  t o  r e a l i z e  s u b s t a n t i a l  economy in the  system a 

commercially ava i lab le  fm-microphone was used a s  t h e  telemetering 

t ransmi t te r .  The uni t  used is shown i n  Fig. 6.3-1. 

This unit contains a b u i l t - i n  "marker s igna l"  generator so  

t h a t  t he  user  can loca te  himself i n  t h e  f m  band with the  a i d  of  an  

audible s igna l  picked up by a standard fm receiver .  

transmission was e f fec ted  by push-button cont ro l  and a simple unijunction 

The marker s igna l  

t r a n s i s t o r  o s c i l l a t o r  b u i l t  i n t o  t h e  t ransmi t te r .  

We modif ied  t he  t ransmi t te r  s o  t h a t  it was ab le  t o  accept 

var iable  res i s tance  ( the  thermistor) a s  an input which i n  turn,  modified 

the o s c i l l a t i o n  frequency of  t h e  i n t e r n a l  marker-signal generator.  

I n  t h i s  simple manner we were ab le  t o  t ransmit  an f m  s igna l ,  bearing a 

modulation frequency proport ional  t o  probe temperature, f o r  subs t an t i a l  

distances.  

The t ransmi t te r  u t i l i z e s  an 8.6v mercury b a t t e r y  and has a 

useful  operat ional  l i f e t ime  of about 100 hours. 

6e4 THE mCETVER-~CORDER CONSOLE 

Fig. 6.4-1 shows a photograph of t h e  console. S t a r t i n g  from 

the  top  o f  t h e  photograph t h e  following components and functions a r e  

involved : 

a Wibbit-ear'! Antenna 

This i s  used t o  pick up t h e  t ransmit ted s igna l  and proved 
I 

adequate in capabi l i ty  f o r  the purpose a t  hand. 
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Fig. 6.3-1 FM ~ i c ~ o ~ h o ~ e  

6-10 



Fig. 6.4-1 Receiver-Recor 
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b. The fm Receiver 

This receiver  permits detect ion o f  the  s i g n a l  modulation of 

interest. It contains automatic frequency control  (AFC) 

c i r c u i t r y  and proved general ly  excel lent  f o r  t h e  purpose 

a t  hand. 

receiver  f o r  t h e  telemetered signal.  

speaker was des i rab le  w e  incorporated audio s i g n a l  monitoring 

via a headphone jack (seen a t  the l e f t  s i d e  of t h e  receiver  

panel). 

earphones 

Its tuning meter permitted optimal tuning of the  

Since no loud 

A set of ultra-l ight-weight stethoscope type 

was supplied wi th  the uni t .  

c. The Signal  Conditioner 

This u n i t  contained a l l  the  key controls f o r  the  Receiver- 

Recorder Console. Power control  and indicat ion a r e  on the 

f r o n t  panel. 

Controls permit s e l e c t i o n  of :  

An a u x i l i a r y  recorder output plug is supplied. 

Zeroing of t h e  recorder pen 

Cal ibrat ion of t h e  recorder gain ( ful l  sca le )  

Switching t o  any of s ix  c i r c u i t s ,  pa i r s  of which 

a r e  re la ted  t o  each of t h e  t h r e e  probes supplied. 

These conditioning c i r c u i t s  accomplish t h e  following: 

(1) For each probe there  is  a c i rcu i t  t o  accept frequency 

modulation information (proportional t o  temperature 

i n  the 15' - 40°C range); process it via a sol id-  

s t a t e  segmented l i n e a r i z a t i o n  netliork and produce a 

0-100 divis ion l i n e a r  dr ive f o r  the recorder. Over the 
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d. 

e. 

15' - 4OoC range l i n e a r i t y  is held t o  ea. 1.0% and 

a maximum e r r o r  of ca. f .2OC may occur a t  t h e  low 

end of the temperature range. 

t h a t  no two of the  thermistor probes a r e  absolu te ly  

ident ica l .  The data given above represents t h e  

worst case. 

For each probe there  is a c i r c u i t  t o  accept frequency 

modulation information (proport ional  t o  temperature 

in t h e  35.5 - 38.5 b io logica l  range), process it 

It muqt be remembered 

via  a segment s o l i d  s t a t e  ac t ive  l i nea r i za t ion  network 

and produce a 0-100 d iv is ion  l i n e a r  dr ive f o r  the 

0 recorder. 

is held t o  ea. 1.0% and a maximum e r r o r  o f  ea. f 2 8  C. 

Over the  35.5 - 38.5 C range , l inear i ty  

0 

The Cal ibrator  (not shown) 

The ca l ib ra to r  i s  a small  box containing three  s e t t a b l e  

var iab le  r e s i s t o r s  locked a t  values equivalent t o  probe 

values f o r  37.OoC. This ca l ib ra to r  box is used f o r  f a s t  

adjustment of the  recorder pen def lec t ion  equivalent t o  a 

37OC input from any of t h e  probes. 

The Recorder 

W e  se lec ted  the  Varian G-1lA r eco rde r  a s  a trouble-free 

simple uni t .  

zener reference. 

I n i t i a l l y  w e  had considered the  use o f  inkless  recording, 

bu t  were not s a t i s f i e d  with the t r a c e  l e g i b i l i t y .  

It i s  a potentiometric un i t  with b u i l t - i n  
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Two cha r t  speeds a r e  supplied: 

hour. 

vs. time discrimination with 1-inch/Sminutes of t r ave l .  

A t  t h i s  high speed of recording, one roll of paper w i l l  

l a s t  f o r  3*, 24-hour days. 

permit the  researcher t o  view a 24 hour record i n  s i x  f e e t  

of paper. A t  t h i s  l a t t e r  speed, a s ing le  roll o f  cha r t  

paper w i l l  l a s t  f o r  14, 24-hour days. 

12-inches/hour and +inches/ 

The former permits adequate high speed temperature 

The low speed recording w i l l  
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7.0 MARK IV IMPEOVEMENT PROGRAM (AM TELEW3TER) 

For an extended period of time w e  have 

of implantable telemeters of the  Mark I V  type. 

been observing the operation 

Numerous changes i n  

design have been incorporated by  us t o  improve the  compatibil i ty of t h e  

bas i c  c i r c u i t  with low-drain, s t ab i l i zed  mercury c e l l s .  

For the  most par t ,  units of the flhamsterff type, i .e. ,  1% cc, 

3 - 4 grams, have performed admirably. 

un i t s  o r ig ina l ly  fabr icated f o r  the  Ames group, are being observed by 

A s  a matter of f a c t ,  eleven such 

us-and are s t i l l  operating some 19 months l a t e r .  

It can be s t a t e d  unequivacably t h a t  the  Mark IV-D types and 

var ia t ions  on t h a t  type have performed very w e l l  indeed. 

However, our concern has been wi th  the  smaller units of the 

perognathus or  ffPLLfl types. Performance has been spotty.  In  c e r t a i n  

cases, computed l i fe t imes  have been a t ta ined  (4 - 7 months). In many 

cases fa i lure  occurs within 2-10 weeks of implantation. 

indicates  t h a t  f a i l u r e  is  directly r e l a t ed  t o  c e l l  performance and not  

t o  c i r c u i t  design. Meticulous uni t  d i ssec t ion  has indicated c e l l  

e l ec t ro ly t e  leakage i n  many cases a s  wel l  as c e l l  gassing. 

Detailed s tudy 

Schemes a r e  being developed t o  evaluate c e l l  batches a s  they  

a r e  purchased i n  an  attempt t o  remove cells expected t o  f a i l  on implant. 

A t  t he  same time w e  undertook t o  improve the  c i r c u i t  d e s i g n d  the  

miniature implant i n  order t o  r ea l i ze  fu r the r  c e l l  current  economy and 

improved energy d i s t r ibu t ion  in the  transmitted signal-both matters of 
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considerable consequence t o  the  b io logica l  invest igator .  The former 

means longer operational l i fe ,  and t h e  l a t t e r  means the  p o s s i b i l i t y  

f o r  improved receiver  equipment design. 

We have succeeded in reducing current  consumption t o  the  

-6 order of < 5 x 10 amperes a t  3 7 O C ,  which means a n  an t ic ipa ted  l i fe -  

t i m e  of more than 7000 hours (almost 10, 30-day months) with ordinary 

WH-1 c e l l s  and 10,000 hours with improved c e l l s .  

would require  s l i g h t  increase in s i z e  and weight (ca. 0.3 gram) f o r  

A new c e l l  which 

t h e  PLL implants would double these f igures .  

O f  equal importance a r e  construction changes made t o  improve 

the energy d i s t r ibu t ion  i n  t h e  transmitted s ignal .  Fig. 7.0-1 (a,b) 

i l l u s t r a t e s  what has taken place. 7.0-1 ( a )  is a photograph of  t h e  

frequency spectrum of a transmitted pulse from an old style IrPLLrr 

uni t .  Photograph 7.0-1(b) shows the  d i s t r ibu t ion  of a new uni t .  Even 

though the  new uni t s  use less average current,  t he  peak transmitted 

power is s imi la r  t o  t h a t  of the  older uni ts .  

A number of these new units a re  being made up a t  t h i s  time. 

Units w i l l  be given t o  Drs. Halberg and Pi t tendrigh f o r  t h e i r  evaluation 

and t o  the  personnel of t he  B i o s a t e l l i t e  P r o j e c t  a t  Ames Research 

Center. 
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i 
(a) Transmitted Spectra from MK IV - PLL U n i t  

(b) Transmitted Spectra from MK IV PLLA U n i t  

Fig. 7.0-1 Telemeter Transmitted Pulse Spectra 
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8.0 COMMUNICATION AND COOPERATION 

During August 1967, t h e  authors attended the  Seventh 

In te rna t iona l  Conference on Medical and Biological Engineering in 

Stockholm. 

telemeters: 

R. M. Goodman presented a paper on multichannel implantable 

"Simultaneous, Multi-Parameter Data from Implantable 

Telemeters. '1 

8.1 VISIT TO HOLLY HILL LABORATORY OF THE MEDICAL RESEARCH COUNCIL, LONDON 

Through the good of f ices  o f  M r .  Heinz Wolff, Director  of t he  

Laboratory (MRC) the  authors were ab le  t o  spend a full day with h i s  

key personnel. W e  were welcomed by M r .  Henry Light, t he  Deputy 

Director and given an overview of t h e i r  work. 

tunity f o r  de ta i led  discussions. 

W e  then had the oppor- 

We had f o r  some time been in  l e t t e r  communication with M r .  

In h i s  laboratory w e  were ab le  t o  exchange Cliveden Weller of MRC. 

d i r e c t l y  information o f  considerable mutual i n t e r e s t .  H i s  experienpe 

with FET's l e d  us t o  t h e i r  use i n  o w  new SCO designs. 

with newly avai lable  microminiature components has a l ready  aided him. 

Our expeiience 

If w e  had accomplished no more than our  extended conversations with M r .  

Weller, it was worth the  e n t i r e  t r i p .  

W e  a l so  discussed philosophies, techniques and approaches t o  

the  problems of automatation in the  hospital .  

8 2 COOPERATION WITH DR. RONALD BARR, UNIVERSITY OF MISSOURI 

Professor Barr o f  the  Nuclear Reactor Fac i l i ty ,  Space Sciences 
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Research Center, University of Missouri, is planning t o  read deep body 

temperature of rodents being subjected t o  a range of ambient temperature 

and simultaneously t o  various l e v e l s  of hard  radiat ion.  

W e  discussed with Dr. Barr the appl ica t ion  of implantable 

telemeters t o  h is  study. W e  agreed mutually t h a t  it was e s s e n t i a l  t o  

determine the  e f f e c t s  of hard rad ia t ion  on t h e  performance of t h e  

telemeters p r i o r  t o  t h e i r  appl icat ion i n  an  animal study. Dr. Barr 

has agreed t o  subject  th ree  newly constructed Mark IV type uni t s  t o  

hard radiat ion.  

and measure them c a r e f u l l y  before the  tests, hold one a t  t h e  Laboratories 

W e  have agreed t o  f a b r i c a t e  four  such uni ts ,  c a l i b r a t e  

f o r  comparative purposes and s h i p  t h r e e  t o  Missouri f o r  rad ia t ion  

exposure. 

Figure 8.2-1 shows frequency spectra run on t h e  uni t s  and 

8.2-2 t o  -5 inclusive a r e  temperature ca l ibra t ions .  

It i s  our agreed i n t e n t  t o  publish j o i n t l y  whatever useful  

data results from t h i s  exercise s ince  the  findings may prove of value 

t o  any researcher planning t o  use implants in animals t o  be exposed t o  

hard radiat ion.  

8.3 PUN'NFB PAPERS 

A "Note" is  planned on t h e  work on t h e  or ien ta t ion  response 

of Planaria maculata t o  t h e  diminished magnetic f i e l d .  The authors w i l l  

be R. J. Gibson, Jr. and I. R. Isqui th .  

A paper i s  i n  preparation on mT; author is R. J. Gibson, Jr. 

A paper is i n  preparation on implantable telemetry i n  the study of 

ovarian function. Authors a r e  H. Balin and R. M. Goodman. 
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Fig. 8.2-1 Photo, Transmitted Frequency Spectra for U of Mo. Units 
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9.0 MAGNETIC FlELDS FOR BIOLOGICAL EXPERIMENTS 

One of t h e  s izeable  problems facing b io log i s t s  who wish t o  

perform experiments i n  a magnetic f i e l d  i s  t h e  production of t h a t  

magnetic f i e l d .  I n  order t o  perform a meaningful experiment, t he  

magnitude, d i r e c t i o n  and uniformity o f  the f i e l d  should be known f o r  

the  region or  volume in which the  b io log ica l  mater ia ls  w i l l  be placed. 

For f i e l d s  on t h e  order of t h e  e a r t h ' s  f i e l d ,  sh ie lds  of high permeabili ty 

o r  a i r  core c o i l s  are su i tab le .  For f i e l d s  g rea t e r  than 100 gauss and 

of any ex ten t  it is general ly  necessary t o  u t i l i z e  i ron  core c o i l s  o r  

permanent magnets. 

i n  t he  range of zero t o  a 10 

su i t ab le  and p rac t i ca l .  

bac te r ia  and protozoa t o  small unconstrained mammals a s  w e l l  a s  a 

But f o r  f i e l d s  between one and 100 gauss and values 

cubic centimeters a i r  core c o i l s  a r e  most 6 

Many b io logica l  specimens and systems from 

la rge  v a r i e t y  of bo tan ica l  specimens can be r e a d i l y  accommodated in 

a i r  core c o i l s  producing f i e l d s  of less than 100 gauss. 

While it is p r a c t i c a l  and not expensive t o  produce c o i l s  f o r  

these conditions, it is d i f f i c u l t  and expensive t o  determine and design 

co i l s  t o  g ive  the  desired volume wi th  spec i f ied  magnitude, d i r ec t ion  

and uniformity of f i e l d .  

In t h e  past ,  severa l  well-known re la t ionships  f o r  standardized 

configurations have been avai lable ,  b u t  no simple general  procedure 

f o r  ca lcu la t ing  t h e  f i e l d s  has been ava i lab le .  

These standard forms a r e  t h e  long solenoid, s ing le  f l a t  co i l ,  
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Helmholtz c o i l s  and Ruben's Cube co i l ,  (9-1,  9-2) .  Barker (9-3,  9-4) 

has a l s o  described a configuration u t i l i z i n g  three  c o i l s  f o r  producing 

a uniform magnetic f i e l d  and has gone t o  considerable pains t o  include 

such p r a c t i c a l  matters a s  insu la t ion  thickness and packing f ac to r s  of the  

wire, bu t  h i s  method o f  ca lcu la t ion  is  l imited t o  one spec i f i c  configura- 

t i o n  and is ra ther  e laborate  requir ing much computation and i t e r a t ion .  

These configurations a r e  not always su i t ab le  f o r  space o r  convenience 

reasons, and it would be most useful t o  have a simple means of calculat ing 

the  magnetic f i e l d  f o r  t h e  general  case. For example, the  simple case 

of two c o i l s  spaced one diameter a p a r t  instead of  one radius a p a r t  and 

taking i n t o  consideration the  f in i te  s i z e  of t h e  windings is, while 

simple in geometry, d i f f i c u l t  t o  ca lcu la te  except along the  ax is  of 

symmetry. Approximate methods, evaluation o f  i n t eg ra l s  and/or i n f i n i t e  

s e r i e s  e tc .  a r e  necessary. Blewett (9-5') has given t ab le s  and 

approximate methods, bu t  t h e  t ab le s  do not extend even t o  t h e  case of 

co i l s  spaced one radius (Helmholtz c o i l s )  l e t  alone t o  those spaced 

two r a d i i  apar t .  H i s  approximate methods o f  calculat ion require  t h e  

use of t a b l e s  of K & E, t he  complete e l l i p t i c  in tegra ls  with modulus 

k , which i n  general  a r e  not ava i lab le  t o  t he  degree of tabula t ion  

desired.  

of papers have exhaustively t r ea t ed  t h e  cases of cy l ind r i ca l  c o i l s  

with r e s u l t s  requiring the  use o f  surface zonal harmonics i n  t h e  

summation of one o r  a s e r i e s  f o r  each point in the  f i e l d  desired. 

While formally the  problem is  solved, it is  most time consuming and 

2 

Dwight (9-6, 9-7) and Dwight and Peters ( 9 - 8 )  i n  a series 

subjec t  t o  e r ror  because of t he  many numerical operations required. 
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Just t h i s  l a s t  year Hart ( 9 - 9 )  has published extensive tab les  

(Universal Tables f o r  Magnetic Fields of Filamentary and Distributed 

C i r c d a r  Currents). This book of 489 pages has more than 90% t ab les  

and less than 10% explanation, and t h i s  r a t i o  is jndicat ive of the 

ease wi th  which these tab les  may be used. O n l y  a f e w  s teps  of simple 

ar i thmetic  a r e  required t o  determine the  magnetic f i e l d  a t  a known 

posi t ion with respect t o  a s ingle  turn  o r  c o i l  o f  f i n i t e  s ize .  

t ab les  were computed by means of a Univac 1108 and a r e  f a r  more extensive 

These 

and of f i n e r  subdivision than any t ab le s  published previously. 

c i r cu la r  c o i l  ( o r  number of co i l s )  configuration can be handled eas i ly ,  

Any 

For regions where the  f i e l d  is  near ly  uniform an  accuracy of b e t t e r  than 

0.01% is possible. 

which the c o i l  dimensions can be measured. 

Overall  the accuracy is b e t t e r  than the  accuracy t o  

Especially useful i s  the  

f a c t  t h a t  d i s t r ibu ted  currents a r e  included. This makes possible the 

accurate calculat ion of the f i e l d s  from c o i l s  of f i n i t e  and even la rge  

r e l a t ive  s ize .  These calculat ions can be made f o r  r e a l  co i l s  with r e a l  

dimensions with grea te r  ease and accuracy than could previously be 

done f o r  idealized co i l s .  In  addition, the r ad ia l  f i e l d  can be 

calculated with the same ease and accuracy a s  the a x i a l  f i e l d ,  on and o f f  

axis,  an absolute necessi ty  when t ry ing  t o  determine the uniformity of 

a f i e l d  from any p rac t i ca l  co i l s .  

This set of t ab les  is recommended t o  everyone concerned with 

t h i s  problem, even t o  those with a large scale  computer and program 

avai lable .  The l a s t  l i n e  i n  the book t e s t i f i e s  t o  the  enormous number 

of calculations which a re  required f o r  t he  accurate calculat ion of 

- 

9-3 

FRANgLIN INSlTl'UTE RESEARCH LABORATORIES 



magnetic f i e l d s :  . . .'!The f i n a l  entry i n  Table 1-A,  f o r  example, cons i s t s  

7 of t h e  summation of more than 2.7 xl0 so lu t ions  of t h e  basic equation . . . I r  

A ca l cu la t ion  f o r  two c i r c u l a r  c o i l s  of reasonable dimensions 

separated by one c o i l  diameter f o r  several poin ts  between t h e  c o i l s  is 

given in  t h e  following ca lcu la t ion .  Calculations are made f o r  t hese  

same two c o i l s  and t h e  same poin ts  between them except t h a t  t h e  c o i l s  

are spaced as a t rue  basic Helmholtz pair (spacing = one rad ius) .  

This provides us w i t h  a useful  comparison o f  how the  uniformity of t he  

f i e l d  i n  a given region changes as t h e  c o i l s  are moved apar t .  

Calculation of t h e  f i e l d  a t  several points by means of Hart ' s  

t ab l e s  between two c o i l s  of p r a c t i c a l  f i n i t e  dimensions spaced one 

radius a p a r t  (Helmholtz c o i l s ) .  

B 

A 

* P  
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I 2 
A J = current  dens i ty  i n  c o i l  = N - = 109.65 amps/cm 

Coordinates of points where f i e l d  is  calculated (or ig in  a t  

center of c o i l  p a i r )  

Z r = h  - Point 

I 0 0 

I1 0 10 cm 

I11 10 cm 0 

Iv 10 cm 1 0  c m  

D 3 

A- - 2 

Z measured from points I through IV t o  corner points A through 

D. r measured from c o i l  axis t o  points A through D. 
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Point I1 (s c o i l )  d c o i l  same by symmetry h = 10 cm 

Z 
S r Z 3: S 

367.864 515.646 S and S values are combined t o  r Z A 10 25.0 

B 10 25.09 368.152 517.946 give si or values by 

- sC i sd ( f o r  z )  - ‘b P 
440.353 641.307 S,’ = S c 15 25.0 

D 15’ 25.09 440*857 644*4’8 s C  = sa - sb - sC + sd ( f o r  
r 

= 2s‘ = 2(.801) = 1.602 szx  Z 

s ’.- - = .216 - .216 = o r - ‘is - ‘id 
B”  = jS i=  1.757 gauss 

2 

Point (s c o i l )  
s c o i l  d c o i l  

Z 
S r Z r S Z r S 

2 
S r 

A 0 25.0 0 0 20.0 25.0 482.002 722.530 

B 0 25.09 0 0 20.0 25.09 482.687 726.217 

C 5 25.0 237.533 316.018 25.0 25.0 506.835 776.819 

D 5 25.09 237.619 317.265 25.0 25.09 507.657 730.932 

s ” =  SLS 4- Sld  = 1.247 + .426 = 1.673 
Z 
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Points I and I11 a r e  on a x i s  points and a r e  calculated somewhat d i f -  

f e r e n t l y  : 

BZ = 1 0  -3 J [r2 (Td - Tb) - r1 (Tc - Ta)l 

Br always 0 

Point I - Values f o r  both c o i l s  same a t  point I 

z r W T 

r 

r 

= outer  radius  = 25.09 

= inner radius = 25.00 
2 

1 

A 10 25.0 2.500 413.990 

B 10 25.09 2.509 413.342 

c 15 25.0 1.6667 483.977 w = r / z  

D 15 25.09 1.6727 483.403 

and B Z  = 2B’ = 2 (109.65) (8.1555) = 1.788 gauss 
Z 

Point I11 

(s c o i l )  

z r W T z 

A 0 25.0 0 0.000 2 

B 0 25.09 0 0.000 20 

c 5 25.0 5.000 290.590 25 

D 5 25.09 5.018 289.987 25 
- 

= 1.2088 BLS 

BH = B‘ 

BLd = 0.5298 

+ - B i d  = 1.739 gauss z 2s 

(d coil) 

r W 

25.0 1.250 

25.09 1.2545 
25.0 1.0000 

25.09 1.0036 

T 

526.580 

526 095 

553 780 
553 0390 
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SUMMARY: 

Point  I 

I1 

I11 

I V  

1.788 0 

1.757 0 

1.739 0 

1.834 - ,056 

If point I As considered a s  t h e  bas 

Point  I1 is 1.7% low 

Point 111 is 2.7% low 

Point IV is  2.6% high 

point,  then  

Calculations of t h e  f i e l d  a t  s eve ra l  points  by means of Har t ' s  

t ab l e s  between two c o i l s  of p r a c t i c a l  f ini te  dimensions spaced one 

diameter apar t .  
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d = 50 cm ( c o i l  diameter) 

s = 50 cm ( c o i l  spacing inside)  

1 = 5 cm ( c o i l  length) 

.t = 0.090 ( c o i l  thickness)  

Current i n  c o i l  1.0 amperes 

Number of t u rns  50 each 

No. 19 enameled wire w i l l  give almost exac t ly  50 turns i n  5 c m  

Bare w j r e  diameter .0359" nom. = 0.090 cm. 

J = current  dens i ty  = current  (amps) 

area ( c m  ) 2 

2 = N1/.0912 x 5 = 2.193 N amps/cm 
2 

= 109.65 amps/cm 

(Hart Universal Tables, see 9-9) 

Table I is used f o r  points  I1 and IV. Table I1 i s  used f o r  

points I and 111. 

two t ab le s  s ince  Table I is  f o r  o f f  a x i s  points ,  Table I1 f o r  on ax i s  

The ca lcu la t ions  a r e  . s l i g h t l y  d i f f e r e n t  f o r  these  

points.  

Two ca lcu la t ions  must be made f o r  each point,  one f o r  each of  

t h e  co i l s ,  s ( le f t ' )  and d ( r i g h t ) .  

r a d i a l  f i e l d s  subt rac t  and t h e  a x i a l  f i e l d s  add a t  each point.  

These must be combined so t h a t  t h e  
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Coordinates (Dimensiona1)of Points with Respect t o  Origin 

z + t o  l e f t  - Origin a t  Center of Symmetry of Two Coils  

I z = o  r - 0  

I1 z - 0  r = 10 cm 

I11 z = 10 cm r = O  

I V  z = 10 cm r = 1 0  cm 

Z is measured from points  I through I V  t o  each of corner 

r is measured from ax i s  o f  symmetry t o  corner points A through Dj 

points A through D. 
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Point I1 (s c o i l )  values f o r  d c o i l  same a s  s c o i l  because o f  symmetry 

Z 
S ‘r Z r 

A 25.0 25.00 506 835 776 819 

B 25.0 25- 09 507 0657 780.932 h = 10 cm 

C 30.0 25.00 522.200 814.306 

D 30.0 25.09 523.121 818.732 

S and S values combined by following formula r Z 

- sC + sd ( f o r  z values) 

- s + s ( f o r  r values) 

‘b sz = sa - 

a - ‘ b  c d s = s  r 

For two coils (s and d) 

S* = 25; = ,626 
Z 

s; = SZs - Sid = 0 

B~ = 1 0 - 3 j h ~ ~  B r = 1 0 - ~ j h ~  r 

For BZ = ,6864 gauss 

Point IL Br = 0 gauss 

Point Iv (s c o i l )  h = 10 cm (d c o i l )  

Z 
S r Z r S 

A 15.0 25.0 4.40.353 641.307 

B 15.0 25.09 4-40.857 64-4.408 

C 20.0 25.0 482.002 722.530 

D 20.0 25.09 482.687 726.217 

Then 
= S‘ 

S”,= S‘ 

+ Skd = 0.763 

- Sid = 0.131 

ZS 
S i  

rs 

r sZ  
Z r S 

35.0 25.0 532.049 840.971. 

35.0 25.09 533.041 845.631 

40.0 25.0 538.572 860.452 

40.0 25.09 539.614 865.289 



For 
= 0.837 gauss 

B Z  

Point IV Br = O=144 gauss 

For Point I 

r = outer radius 

r = inner radius 

B Z = K J  [r2(Td - Tb) - rl (Tc - Ta)] 

B = O  

2 

1 

r 
Point I (s and d coil.) 

Z r W T 

A 25.0 25.0 1.000 553-7800 Using 5 point  Lagrange 

B 25.0 25.09 1.0036 553.3894 in te rpola t ion  between 

C 30.0 25.0 0.8333 571.8775 tabular  values where 

D 3C. 0 25.09 0.8363 571.5575 necessary 

Then B Z  = 0.746 gauss Br = 0 (Point I) 

For Point I11 

(s c o i l )  (d c o i l )  

Z r W T Z r W T 

A 15.0 25.0 1.6667 483.983 35.0 25.0 -71428 584.372 

B 15.0 25.09 1.6727 483.400 35.0 25.09 .71685 584.115 

c 20.0 25.0 1.2500 526.580 40.0 25.0 A2500 593.280 

D 20.0 25.09 1.2545 526.095 40.0 25.09 .62725 593.058 

Then B Z  BZs + BZd = ,8967 gauss Br = 0 (point 111) 



SUMMARY: 

B (gauss ) Br (gaus s) 

Point I 746 0.0 

I1 ,687 0.0 

I11 0 897 0.0 

IV 837 0.144 
If point  I i s  considered our  base point,  

then Point I1 is 7.9% low 

Point I11 is 20.2% high 

Point IV is 12.2% high 

This can be compared t o  t h e  values obtained f o r  t he  bas i c  

Helmholtz arrangement previously calculated.  

t h e  values of t h e  f i e l d  less than one-half those f o r  t h e  t rue  Helmholtz 

separation, b u t  t h a t  t he  va r i a t ion  o r  lack  of uniformity is many times 

We see  t h a t  not 'only are 

greater .  

In a standard Helmholtz arrangement t h e  f i e l d  is uniform t o  

3 2 0.5% over a volume ,0245 d3. 

o r  2.6 times la rger ,  the  f i e l d  is uniform t o  -+ 2.655%. 

grea t  advantage t o  t h e  experimenter (in volume) wi th  r e a l l y  l i t t l e  l o s s  

i n  uniformity of f i e l d .  The ease with which the  ca lcu la t ions  can be made 

allows t h e  experimenter t o  choose both t h e  volume and uniformity required 

f o r  h i s  experiment and provides a freedom not h i the r to  enjoyed. 

For t h e  volume we have ciosen ( .064 d ) 

This may be a 
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10.0 MAGNETIC SHLELDING 

The t r i p l e  Mu-metal sh ie lds  designed previously and used in 

the  Planaria navigation s tudy and i n  the Blepharisma growth s tudies  

have proved t o  be both usefu l  and p rac t i ca l  (10-1, -2, -3). 

l i g h t  i n  weight, r e l a t i v e l y  inexpensive and when used in t h e  horizontal  

(axis of cylinder) posi t ion yielded an a t tenuat ion  f ac to r  of about 500 

They were 

f o r  t h e  e a r t h ' s  f i e l d .  When used in a v e r t i c a l  d i rec t ion  the  at tenuat ion 

was only about 100. I n  both or ientat ions,  however, the  region of maximum 

at tenuat ion was small. Some other shortcomings were a l s o  noted. The 

use of f l a t  p la tes  f o r  end covers w h i l e  inexpensive i s  not a s  s a t i s f a c t o r y  

as would be the  use of overlapping caps. Leakage was noted around the 

ends covered by the  f l a t  p la tes  unless grea t  care was taken t o  ensure 

that no gaps (even .010") exis ted  between the  cylinder and the  end 

plates .  

t h i ck  f o r  shielding purposes was r a the r  weak mechanically. 

corrected by using a foamed-in-place p l a s t i c  f i l l e r  between the  three  

sh ie lds  r a the r  than using sect ions of p l a s t i c  a s  inserts. 

design was a c t u a l l y  s o  weak t h a t  handling produced d i s to r t ions  i n  t h e  

sh ie ld  which were r e f l ec t ed  i n  t h e  a t tenuat ion  properties.  

the  three cylinders did not  have t h e i r  open ends in the  same plane. 

The inner  cylinder protruded beyond the  middle, which in tu rn  protruded 

beyond the  outer  cylinder.  The amount of  protrusion depended upon t h e  

thickness of spacer used on the  closed end. 

A second shortcoming was t h a t  t he  Mu-metal while s u f f i c i e n t l y  

This can be 

The previous 

A s  assembled, 

Original ly  t h i s  was con- 
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sidered of small consequence i n  t h e  shielding proper t ies .  

consideration and many measurements of t h e  f i e l d  around t h e  mouth of 

t he  cylinders,  it is believed t h a t  a bet ter  design would be t o  have 

j u s t  t h e  reverse configuration, t h a t  is an arrangement of  t h e  cylinders 

such t h a t  each outer  one would overlap t h e  next inner one by approximately 

1/10 t o  l/s t h e  cylinder diameter; t h i s  would enhance the  shielding 

considerably. 

a r e  used a t  an angle t o  t h e  magnetic f i e l d  o ther  than 90'. 

be t h e  case when used in a v e r t i c a l  pos i t i on  with open end upwards o r  

downwards. An increase i n  t h e  l eng th  t o  diameter r a t i o  from 1s t o  2 is 

a l s o  considered des i rab le  as  t h i s  would y i e l d  a l a r g e r  region along the  

axis of m i n i m u m  magnetic f i e l d  and would a l so ,  it is believed, reduce 

the  s e n s i t i v i t y  of maximum shielding f a c t o r  t o  t h e  angle  made with t h e  

magnetic f i e l d .  

After some 

This i s  f e l t  t o  be e spec ia l ly  des i rab le  when t h e  sh i e lds  

Such would 

This would be use fu l  i n  e i t h e r  t h e  horizontal  o r  

ver t ica l  posit ion.  

Some work has been done on programming t h e  Wadey equations 

f o r  t h e  calculat ion of s h i e l d  design on t h e  Wang Loci I I a  computer. 

has not  permitted a tes t  of  t hese  a s  yet. 

as t o  whether t h i s  programming should be continued o r  whether a Fortran 

IV program should be writ ten since t h e  capaci ty  of t h e  Loci is  l imited,  

and t h e  ga in  i n  ca l cu la t ion  economy would not  be grea t .  

program could be used on t h e  Sci-Tek Univac 1107, which has an input 

output terminal a t  t h e  Franklin I n s t i t u t e  Laboratories. There is no 

question tha t  i f  several sh i e lds  have t o  be designed it w i l l  be 

n e c e s s a r y t o  have some kind of computer assistance s ince  t h e  number of 

Time 

There is a l s o  some question 

A Fortran IV 
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calculat ions required i s  r a t h e r  formidable, and t h e  chance f o r  e r r o r s  

i n  t h e  calculat ions is g rea t  and can be disastrous s ince  t h e  equations 

are recurrent ,  each approximation depending on t h e  l a s t .  

It i s  recommended t h a t  a new s h i e l d  design be car r ied  out 

using t h e  recommendations suggested above and t h a t  measurements be 

made on t h i s  she i ld  t o  confirm the  predicted improvements. Some 

t en ta t ive  dimensions a r e  offered here. 

PROPOSED TRIPLE SHIELD DESIGN 

Mu-metal - .02011 o r  .O3OfI thickness 

Length 

inner - 12.0ff 

middle - 12.Sf1 

outer  - 1 3 . O f f  

Diameter 

inner - 611 

middle - 7" 

outer  - 811 

End caps - three,  one f o r  each cyl inder  t o  overlap 1" of 

cyl inder  s ide  

Cylinders t o  be assembled with foamed-in-place p l a s t i c  f o r  

separat ion and mechanical support 

While t h i s  configuration i s  somewhat l a r g e r  than the  o r ig ina l  

design, it is  f e l t  t h a t  the  a t tenuat ion  f a c t o r  w i l l  i n  prac t ice  be 

considerably b e t t e r  f o r  any o r i en ta t ion  and w i l l  have a l a r g e r  useful  

region of low magnetic f i e l d .  

has been determined, sca l ing  t o  l a r g e r  of smaller s ize  w i l l  not be d i f f i c u l t .  

Once a completely acceptable configuration 
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11 0 STATISTICS 

In t h e  continuing s tudy o f  t h e  Information Flow Loop o r  

Biological  Experiment Design Diagram (11-1) two of t he  most important 

modes which must be considered a r e  those termed "Experiment Design" and 

Worrelat ion and Data Processing. The f irst  was discussed r a the r  

completely in 11-1. 

the  procedures of s t a t i s t i c a l  analysis .  

ava i lab le  discussing both of these subjects ,  but a l i s t  of books found 

The second concept contains among many other ideas, 

There a r e  many texts and tab les  

useful here and with which we a r e  fami l ia r  i s  given 

Fisher,  R. A * ,  The Design of Experiments, 
1947 * 

below: 

Oliver and Boyd, Inc., 

Fisher, R. A . ,  S t a t i s t i c a l  Methods f o r  Research Workers, Hafner 
Publishing Co., 11 th  edi t ion,  1950. 

Arkjn, H. and Coulton, R. R., An Outline of  S t a t i s t i c a l  Methods, 
Barnes and Noble, Inc., 1939 and l a t e r  ed i t ions  (paperback). 

Davies, 0. L. (ed.) S t a t i s t i c a l  Methods i n  Research and 
Production, Hafner Publishing Co., 3rd e d i t  ion, 1957 

Davies, 0. I,. (ed.) Design and Analysis of  Indus t r i a l  Experiments, 
Hafner Publishing Company, 1954. 

Hoel, P. G. , Introduction t o  Mathematical S t a t i s t i c s ,  John Wiley 
and Sons, Inc., 2nd ed i t i on  1954. 

Finney, De J., An Introduction t o  t he  Theory o f  Experimental 
Design, University of Chicago Press, 1960. 

Cox, D. R. , Planning of Experiments, John Wiley & Sons, Inc., 1958. 

Adams, J. K.,  Basic S t a t i s t i c a l  Concepts, McGraw H i l l  Book 
Company, 19%. 
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Guilford, J. P., Fundamental S t a t i s t i c s  in Psychology and 
Education, McGraw H i l l  Book Company, 1965. 

Beyer, W. H. (ed.) Handbook of Tables f o r  Probabi l i ty  and 
S t a t i s t i c s ,  The Chemical Rubber Company, 1966. 

Siegal ,  Sidney, Non-Parametric S t a t i s t i c s  f o r  t he  Behavioral 
Sciences, McGraw H i l l  Book Company, 1956. 

Winer, B. J., S t a t i s t i c a l  Pr inciples  i n  Experiment Design, 
McGraw H i l l  Book Company, 1962. 

Natrel la ,  Mary G. (ed. ) Experimental S t a t i s t i c s ,  National 
Bureau of  Standards Handbook 91, August 1963. 

Tate, M. W., Clelland, R. C., Non-Parametric and Shortcgt 
S t a t i s t i c s ,  The I n t e r s t a t e  P r in t e r s  and Publishers,  Danville, 
I l l i n o i s ,  1957. 

Batschelet ,  E., S t a t i s t i c a l  Methods f o r  t he  Analysis o f  
Problems i n  Animal Orientat ion and Certain Biological  Rhythms, 
American I n s t i t u t e  o f  Biological  Sciences, Monograph 1965 
(paperback). 

Moroney, M. J., Facts from Figures, Pelican Books, Penquin 
Books A-236 1956 ( o r  l a t e r )  (paperback) 

These texts cover a wide spectrum of ideas in experiment design 

and s t a t i s t i c a l  data ana lys i s .  They range from elementary t o  the most 

advanced procedures. The Fisher  books a r e  general  and a r e  written by t h e  

dean o f  b io logica l  s t a t i s t i c s .  Both Davies' texts in t h e  examples given a re  

s lan ted  s t rongly  towards i n d u s t r i a l  appl icat ions,  bu t  t he  ideas a r e  

presented c l e a r l y  and with t h e  necessary qua l i f i ca t ions .  Arkin is  a 

good, cheap handbook with good standard tab les .  Finney and Cox a r e  

qu i t e  good and fundamental i n  experiment planning bu t  not  easy t o  read. 

Hoe1 and Adams a r e  both good standard bas i c  s t a t i s t i c s .  

not or iented t o  t h e  b io log i s t ,  has exce l len t  discussion and examples of 

Gui l ford ,  w h i l e  

analysis  procedures. The Beyer handbook has tab les  f o r  the most 
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sophis t icated analysis  o r  planning; a few of  the  t ab le s  a r e  extremely 

useful and not readi ly  ava i lab le  elsewhere. 

never be used, very l i t t l e  theory o r  explanation i s  given. Natrel la  

is a good handbook with cookbook procedures (and complete t ab le s )  f o r  

analyzing many s i tua t ions .  

non-parametric procedures and has excel lent  discussions and worked-out 

examples of  each type discussed. 

Other tab les  would probably 

It covers both standard (parametric) and 
1 

Tate and Clelland cover mater ia l  s h i l a r  

t o  Natrella but is  not a cookbook. Batschelet  is  i n  a c lass  by itself i n  

t h a t  it covers mater ia l  d i f f i c u l t  t o  f ind elsewhere which is as  modern and 

complete. Many biological  

problems can be handled s a t i s f a c t o r i l y  i n  no other  way than by the  methods 

s e t  f o r t h  i n  t h i s  small t ex t .  Clear, wel l  worked out examples and 

appropriate tab les  make t h i s  a highly recommended book. 

advanced and completely describes procedures and techniques f o r  qu i t e  

It i s  a m u s t  f o r  any work in angular analysis .  

Winer is r a the r  

sophis t icated analysis  and design. Analysis of  variances is thoroughly 

covered i n  almost a l l  of i t s  ramifications t o  analysis  of data not  j u s t  from 

a theo re t i ca l  standpoint. 

explanation. 

s t a t i s t i c s  and gives the l h i t a t i o n s .  

where the number o f  subjects  i s  small o r  t he  assignment o f  a continuous 

in t e rva l  measurement i s  impossible. This book i s  .so c lea r ly  wr i t t en  

and s o  carefu l  of making e x p l i c i t  the  r equ i r emnts  of  l imi ta t ions  of 

each procedure tha t  it is recommended without reservat ion f o r  anyone. 

The inclusion of the term "Behavioral Sciences" i n  the  t i t l e  might make 

a b io logis t  overlook it. 

Siega l  is a unique book in i t s  approach and 

It thoroughly discusses the  value of  non-parametric 

It is espec ia l ly  good f o r  data 

This would be a p i ty .  Moroney is popular 
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and easy reading but  is fundamentally accurate and most useful as  an 

introduction. 

explanations o f  them. 

value o f  s t a t i s t i c s  i n  analyzing data. It i s  not elementary, although 

the  examples a r e  simple. 

s t a t i s t i c s  and points out  t he  shortcomings and p i t f a l l s  of  both. 

f e l t  t h a t  a l i s t i n g  and discussion of t h i s  nature would prove useful  

It is  r ep le t e  with worked out examples and f u l l  o f  

It a l so  is  highly recommended a s  a survey of  the 

It includes both parametric and non-parametric 

It was 

t o  many experimenters, e spec ia l ly  s ince  severa l  of t h e  books mentioned 

might be overlooked by those in te res ted  s p e c i f i c a l l y  i n  b io logica l  

appl icat ions.  

w i l l  c l e a r  up perplexing problems encountered when only t h e  viewpoint of 

a d i f f e ren t  d i sc ip l ine  i s  known. 

Alternate  viewpoints a s  provided in these t e x t s  of ten  
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